This study compares energy spectra of the multiple electron beams of individual radiotherapy machines, as well as the sets of spectra across multiple matched machines. Also, energy spectrum metrics are compared with central-axis percent depth-dose (PDD) metrics.
Results are reported for a set of seven electron beams on six Elekta
Infinity radiotherapy accelerators with the MLCi2 treatment head.
Our institution utilizes matched electron beams, which allow patient treatments to be planned using data for a single machine commissioned on our Pinnacle 3 (Philips Healthcare, Cambridge, MA) treatment planning system (TPS) and to be treated on any other matched Elekta accelerator. This provides efficiency of medical physicist beam commissioning effort, flexibility in patient machine assignments, and decreased opportunity for treatment error. Our Elekta accelerators, specifically configured for our institution, have seven nominal beam energies (7, 9, 10, 11, 13, 16, and 20 MeV) tuned to have R 90 values of 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, and 6.0 cm (AE0.1 cm), which differ slightly from factory-standard beam tunes.
Custom beam energies and our stringent flatness requirements (AE3% of central-axis dose along major axes and AE4% along diagonal axes 2 cm inside the beam edges at depths of 2 cm for E > 9 MeV and 1 cm for E ≤ 9 MeV) 2,3 required our matched machines to have dual scattering foils that differ slightly from factory-standard ones. 4 The first four of our six Elekta Infinity accelerators utilized the same, modified dual scattering foil systems; whereas, our fifth and sixth accelerators utilized the same modified dual scattering foil systems for i.e., 95-cm source-to-collimator distance (SCD). For each machine, energy spectra were measured for all energies on a single day using the permanent magnet spectrometer previously fabricated by Rice University (Houston, TX) and described by McLaughlin et al. 1 The energy spectra were measured for that portion of the electron beams on central-axis at 95-cm SCD, which passes through a 0.278-cm diameter aperture in a 1.59-cm thick Cerrobend collimating insert placed in the 14 9 14 cm 2 applicator (cf Fig. 1 ). The electrons passed downstream through a second 0.318-cm diameter pinhole copper collimator after which the magnetic field bent the electrons onto a CR strip, which recorded intensity vs position. Subsequent readout of the CR strips produced intensity vs position curves that were converted into energy spectra using methods previously described by McLaughlin et al. 1 All energy spectra plotted in this study were normalized to have an area of unity.
As energy spectra for most beam energies were closely matched, metrics were used for a more quantitative comparison. We used peak mean energy (PME), full-width at half maximum (FWHM), and their ratio FWHM/PME. PME, as defined by McLaughlin et al., is essentially the mean energy over a 30% energy window around the peak.
1
The precision of energy spectra measurements was estimated by repeating measurements seven consecutive times for the 7, 11, and 16-MeV beams. The resulting spectra, plotted in McLaughlin, 8 closely replicated each other. This is reflected in the comparison of PME and FWHM metrics for each of the seven measurements, which showed a relative uncertainty (one standard deviation) of approximately 0.4%
for PME and 1.4% for FWHM.
2.B | Measurement of percent depth-dose metrics
Matched electron beams require energy spectra sufficiently matched to produce matched central-axis percent depth-dose curves. In the present study, we evaluated the agreement between PME and 
where d is the effective depth, D x is the energy-dependent bremsstrahlung dose percent at R p + 2 cm, erfc is the complimentary error function, and a 1 and a 2 are parameters determined by the fit using the nonlinear, Levenberg-Marquardt algorithm option in MATLAB (MathWorks, Natick, MA). Corrections to %D vs depth due to small differences in stopping and scattering powers between water and Plastic Water ® were ignored in the present study. Resulting differences in R 50 and R 80-20 would be small, but more importantly would vary smoothly with energy, having insignificant impact on our conclusions. should be approximately evenly spaced for the 7, 9, 10, 11, and For machine B-2, the spectra at 9 and 10 MeV also could have had a slightly narrower width with slightly greater amplitude.
Ideally, each spectrum should appear as a single, asymmetric peak, 13 which is approximately Gaussian-shaped on the high energy side of the peak and Lorentzian-shaped on the low energy side.
However, it is well known that the energy spectrum can be multipeaked if the recirculated RF power is not in proper phase. 7 Inspection of our data shows that only a few spectra hinted at being multipeaked, e.g., 7 and 10 MeV for machine A-1, 9 MeV for machine A-2, 13 MeV for machines A-2 and A-3, and 20 MeV for A-2.
Because most beams were well matched, a more quantitative comparison that utilizes previously defined peak mean energy (PME),
full-width at half maximum (FWHM), and their ratio (FWHM/PME) is given in Table 1 . Ideally, the matching energy spectra from different machines would be identical; such is not the case, because (a) each accelerator will tune slightly differently and (b) quality assurance standards 9,10 allow R 50 to vary AE0.2 cm in water, corresponding to approximately AE0.5 MeV in PME. Hence, peak mean energies should fall within a band of 1.0 MeV. Variations in the PME from the six T A B L E 1 Comparison of energy spectra metrics from the six matched Elekta Infinity accelerators for each of the seven beam energies. Metrics are peak mean energy (PME), full-width at half maximum (FWHM), and relative width (FWHM/PME). Far right column lists the difference (D) in maximum and minimum values for PME and FWHM for the six matched machines. therefore, in the present study, we linearly correlated PME with R 50 ,
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i.e., In matching electron beams, our criterion for R 50 is 0.05 cm; therefore, if matching the beam using the measured energy spectrum, the PME value should agree to within 0. Fig. 5 . A second-order polynomial, least-squares fit to these data demonstrates that R 80-20 is primarily governed by the incident PME, increasing supralinearly with increasing PME values. This is attributed to increased range straggling with increasing PME. However, variations among the six data points for each of the seven nominal energies indicate an additional, second-order dependence on another factor, which almost certainly is the difference in the widths of the energy spectra (FWHM). This is also evident for the Atomic Energy of Canada Limited (AECL) Therac 20 and 25 scanned electron beams, which having a much narrower energy spectra (smaller FWHM), have substantially smaller values for R 80-20 (cf ICRU 35, 13 Pfalzner and Clarke, 16 O'Brien et al. 17 ). Hence, these data confirm that the FWHM of the energy spectra plays a minor, but important role in beam matching. Variations from a straight line fit at each energy were due in part to variations in PME values for all six accelerators at the same nominal energy. To better understand these data, they were fit to a theory that relates the slope of the dose falloff region with PME and FWHM. The theory used to relate R 80-20 to PME and FWHM was a modified version of eq. (6.35) in ICRU 35), 13, 18 i.e., R 80À20 ðPME; FWHMÞ ¼ R 80À20 ðPME; 0Þ 1 þ c 1 Á FWHM PME ;
where R 80-20 at PME for FWHM = 0 is modeled by
The by least-squares fitting eq. (3) to all the FWHM and PME values in Table 1 and the corresponding R 80-20 values in Table 2 Utilizing these results, it is possible to correlate matching criteria comparing FWHM with the clinical value of 0.1 cm for R 80-20 , i.e.,
¼ DR 80À20 c 1 Á R 80À20 ðPME; 0Þ PME À1 ;
which results from the derivative of eq. (3) 
| SUMMARY AND RE COMMENDATIONS
Based on the results of the present study, we conclude that a lightweight, permanent magnet spectrometer 1 is a useful tool for measuring energy spectra of matched therapeutic electron beams, allowing their comparison and evaluation, both qualitatively and quantitatively. Comparison of energy spectra for all beams on a single accelerator in most cases showed that the PME and FWHM of the energy spectra did not always smoothly vary monotonically with beam energy, as otherwise expected. If improperly tuned, the accelerator produced a beam energy spectrum with an inappropriate value for the peak mean (PME) energy; also, suboptimal tuning of recirculated RF power can broaden the spectrum from its minimal FWHM. 7 Suboptimal tuning was clearly visible in the shapes of energy spectra within the set for individual accelerators, which was supported by metrics such as PME and FWHM. Also, a comparison of energy spectra for a single beam energy on multiple matched machines showed unacceptably large variations in PME and FWHM.
Results of the present study correlated energy spectra metrics with PDD metrics for all seven energy beams on the six matched radiotherapy accelerators. Because of tolerances in initial beam matching, daily QA tolerances for single beam energies, and there being seven different energies on each machine, there was sufficient spread in the data to allow potential QA criteria for energy spectra metrics to be extracted. For beam matching at our institution, a matching criterion of 0.05 cm for R 50 corresponds to 0.12 MeV for PME, and a criterion of 0.1 cm for R 80-20 corresponds to 2.0 MeV for FWHM. For ongoing QA, the AAPM recommendation of AE0.2 cm for R 50 corresponds to 0.48 MeV for PME. Changes in energy spectra metrics of this magnitude are easily measured using the magnetic spectrometer, which has approximately 0.1 MeV precision.
This study demonstrates the potentially increased sensitivity for beam matching when using the magnetic spectrometer to measure energy spectra (PME and FWHM metrics) in lieu of measuring PDD curves. Therefore, we recommend that the first machine, which becomes the reference machine for beam matching, be tuned to have properly spaced PME values and narrow FWHM values, both 
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